Induction of cell-autonomous apoptosis following oncogene-induced overproliferation is a major tumor-suppressive mechanism in vertebrates. However, the detailed mechanism mediating this process remains enigmatic. In this study, we demonstrate that dMyc-induced cell-autonomous apoptosis in the fruit fly Drosophila melanogaster relies on an intergenic sequence termed the IRER (irradiation-responsive enhancer region). The IRER mediates the expression of surrounding proapoptotic genes, and we use an in vivo reporter of the IRER chromatin state to gather evidence that epigenetic control of DNA accessibility within the IRER is an important determinant of the strength of this response to excess dMyc. In a previous work, we showed that the IRER also mediates P53-dependent induction of proapoptotic genes following DNA damage, and the chromatin conformation within IRER is regulated by polycomb group-mediated histone modifications. dMyc-induced apoptosis and the P53-mediated DNA damage response thus overlap in a requirement for the IRER. The epigenetic mechanisms controlling IRER accessibility appear to set thresholds for the P53-and dMycinduced expression of apoptotic genes in vivo and may have a profound impact on cellular sensitivity to oncogene-induced stress.
INTRODUCTION
Cell-autonomous apoptosis following Myc overexpression has long been regarded as a major tumor-suppression mechanism. 1 Suppression of apoptosis, by means of overexpression of Bcl-2, is required to unleash the tumorigenic potential of Myc in mammalian cells. [2] [3] [4] The propensity of cells with elevated levels of Myc to undergo apoptosis depends on the availability of growth factors such as insulin-like growth factors. 5 It has been postulated that Myc-induced cell-autonomous apoptosis reflects a fundamental mechanism that maintains tissue homeostasis by inducing apoptosis when overproliferation is sensed. However, the mechanistic details of this apoptotic program remain enigmatic.
One extensively studied pathway implicated in Myc-induced cell-autonomous apoptosis is the P53-mediated activation of proapoptotic genes and/or suppression of antiapoptotic genes. 6 Many important proapoptotic genes, such as apaf-1 and caspase-9, have been implicated in Myc-induced apoptosis in cell culture systems. However, study of animal models suggests that Myc-induced cell death can proceed in the absence of apaf-1 or caspase-9.
7 It is also clear that at least under some circumstances, Myc-induced cell death can proceed without the participation of P53. 8 Despite its enigmatic nature, the mechanism of Myc-induced apoptosis appears to be highly conserved. Overexpression of the only Myc ortholog in the fruit fly Drosophila melanogaster, dMyc, also induces cell-autonomous apoptosis. 9, 10 Intriguingly, while the level of dP53 (Drosophila ortholog of mammalian tumor suppresser P53) mRNA is significantly increased following dMyc expression, the function of dP53 appears to be dispensable for dMyc-induced cell death. 9 Ectopic expression of dMyc leads to increased cell size, but fails to result in significant hyperplasia on its own. 11 Moderate tissue overgrowth has only been observed after dMyc-induced apoptosis is blocked by coexpression of the viral caspase inhibitor P35. 9 This indicates that a blockade of apoptosis is required for dMyc-induced hyperplasia in Drosophila, which is similar to what is observed in mammalian c-Myc tumorigenesis models. In this study, we show that the induction of apoptosis following dMyc-induced overproliferation requires a highly conserved intergenic regulatory control region in the RHG (reaper, hid and grim) genomic block.
An~33 kb intergenic region in the RHG block was defined as the IRER (irradiation-responsive enhancer region) based on a requirement to mediate induction of reaper, hid and sickle expression following ionizing irradiation in embryos. 12 This region contains a previously identified response element for Drosophila P53. 13 Interestingly, the epigenetic status of this region undergoes a marked change at embryonic development stage 12, when most cells enter into postmitotic differentiation. During this transition, the region becomes enriched for H3K27me3 and H3K9me3, and is bound by polycomb group (PcG) proteins as well as heterochromatin protein 1. Consequently, the DNA in this region becomes as inaccessible to DNase I as pericentromeric heterochromatin region. This epigenetic blocking of the IRER renders the three proapoptotic genes unresponsive to ionizing irradiation, while other branches of the DNA damage response, such as the DNA repair pathway, remain active.
significance of this regulatory control region in apoptosis is heightened in the context of oncogenic stress. While overexpression of dMyc in wild-type animals failed to induce hyperplasia, significant overproliferation was observed in animals lacking the regulatory region IRER, indicating that the IRER is essential for the induction of apoptosis associated with oncogeneinduced overproliferation. In addition, we found that cells with relatively open IRER are more sensitive to dMyc-induced cellautonomous apoptosis than those with relatively closed IRER, suggesting that epigenetic regulation has an important role in determining the cellular sensitivity to oncogenic stress.
RESULTS
IRER mediates DNA-damage-induced proapoptotic gene expression in postembryonic tissues Our previous work revealed that IRER is strictly required for mediating irradiation-induced reaper, hid and sickle expression in embryos before stage 12 (ref. 12; Figure 1a) . In embryos deficient for this intergenic region (that is, homozygotes of Df(IRER)), the transcriptional response of the three proapoptotic genes to DNA damage is fully blocked. While the irradiation responsiveness of the three proapoptotic genes is robust in stage 9-11 wild-type embryos, it is diminished in most cells in embryos after developmental stage 12. This sensitive-to-resistant transition is due to targeted epigenetic regulation of the IRER that requires the function of PcG proteins and histone deacetylase. 12 Exposure of Drosophila larvae to irradiation induces rapid and widespread apoptosis in imaginal discs that is dependent on the function of P53.
14 To test whether IRER is required for DNA damage-induced cell death in postembryonic tissues, we measured irradiation-induced caspase activation and proapoptotic gene expression in imaginal discs from Df(IRER) larvae. We subjected third-instar larvae to similar treatment (that is, 40 Gy of γ-ray) and found that at 4 h postirradiation, there was indeed a Figure 1 . IRER mediates DNA damage-induced proapoptotic response in the developing wing discs. (a) The four proapoptotic RHG genes (reaper, hid, grim and sickle) are clustered in an~280 kb genomic region. They are transcribed to the same direction. The two intergenic regions surrounding reaper are unusually long (99 and 40 kb) and enriched for HCNEs. Regulatory regions, such as NBRR (neuroblast regulatory region) 26 or IRER, 12 controls the expression of multiple RHG genes during development or in response to stress, respectively. The regions deleted in deficiency strains used in this study are indicated by dashed lines. The region cloned into the BAC-IRER rescue construct is indicated by the red bar on top of the DNA. The figure is not drawn to scale owing to space limitation. Nucleotide coordinates are relative to the reaper TSS and based on Drosophila genome release 5.42. (b-e) Caspase-3 staining of wing discs without ionizing irradiation (IR) (b and d), or at 4 h after 40 Gy of IR (c and e). Irradiation induced apoptosis in wild-type wing discs (compare c with b) but not in Df(IRER) discs (compare e with d). Bar = 50 μm. (f) Time course of irradiation-induced reaper expression from whole larvae. Early third-instar larvae were irradiated with 40 Gy of IR and collected for qRT-PCR at various times after IR. The induction level of reaper, that is, the ratio of IR vs control (NT), appeared to be the highest between 1 and 2 h after IR in both wild-type and Df(IRER) larvae. (g) Both reaper and hid transcripts were induced from wild-type wing discs at 1.5-2 h following IR as shown by qRT-PCR. The magnitude of induction was significantly smaller in Df(IRER) wing discs. For all the qRT-PCR data, means ± s.d. are shown (n = 3).
significant increase of apoptosis in the wild-type wing discs, preferentially at the wing pouch (Figure 1b vs c) . In sharp contrast, there was little detectable increase of caspase activation in discs from animals homozygous to Df(IRER) (Figure 1d vs e) .
We then measured the mRNA levels of the RHG genes by quantitative polymerase chain reaction (PCR). In a time-course analysis, we found that the induction of reaper and hid in wildtype larvae was highest between 1 and 2 h following irradiation (Figure 1f ). At this time point, irradiation-induced expression of reaper and hid was significantly lower in Df(IRER) wing discs but not absent, as it is in Df(IRER) embryos (Figure 1g ). Levels of sickle and grim mRNAs in these wing discs remained barely detectable even after irradiation. The observation that irradiation-induced expression of reaper and hid is not completely blocked in Df(IRER) wing discs suggests that an alternate death mechanism exists in wing disc cells. It has been observed that a P53-independent mechanism also contributes to irradiation/DNA damage-induced cell death in the wing disc. 15 In animals mutated for dp53 or chk2, such a mechanism could eventually compensate for the loss of dP53 or Chk2 function and induce apoptosis at a much later (12-16h postirradiation) time point. 15 It is possible that the incomplete block of reaper/hid induction in the wing discs reflects the existence of such a mechanism in wing disc cells. However, it is clear that the suppression of γ-ray-induced reaper/hid expression in Df(IRER) wing discs was sufficient to result in a significant decrease in the frequency of apoptotic cells (i.e. cells with activated caspase) at 4 h postirradiation. Indeed, previous data from Brodsky's lab showed that heterozygosity at the hid locus was sufficient to suppress irradiation-induced death.
14 Therefore, we conclude that the IRER is also required to mediate DNA damage-induced proapoptotic gene expression and cell death in postembryonic tissues.
The cis-regulatory function of IRER is required for tissue homeostasis and organ size control While analyzing γ-ray-induced cell death in developing tissues, we noticed that discs from homozygous Df(IRER) larvae were consistently larger than those with wild-type IRER or Df(IRER) heterozygotes (Supplementary Figures 1A, B and D, E). Statistical analysis revealed that both eye and wing imaginal discs from homozygous Df(IRER) larvae were significantly larger than those from heterozygous siblings (Supplementary Figures 1C and F) . Close inspection of these discs indicated that the cell size in the Df (IRER) discs, reflected both as the distance between 4′,6-diamidino-2-phenylindole-(DAPI) stained nuclei and density of cells within a given area, was not significantly different from cells in the heterozygous discs. Thus, it appears that developing Df (IRER) imaginal discs contain more cells, and are consequently larger than normal discs.
To confirm that the observed increase in imaginal disc size was not due to changes in the timing of proliferation or developmental cell death, we evaluated the final size of adult wings that grow from these discs. About 10-20% homozygous Df(IRER) animals survive to adulthood. The wings of these Df(IRER) flies are significantly larger than those of wild-type animals raised in parallel (Figures 2a and a′) . Measurement of the anterior and posterior compartments separately revealed that while both overgrew, the growth was relatively more pronounced in the posterior compartment ( Supplementary Figures 2A and B) .
Measurement of trichome (wing hair) densities provides additional evidence that the increased size of Df(IRER) adult wings is not due to increased cell size but rather due to increased numbers of cells. Trichome density is slightly higher in enlarged Df (IRER) wings than in wild-type wings, suggesting that Df(IRER) adult wing cells are, in fact, slightly smaller than wild-type cells. The difference was statistically significant for the posterior compartments (reflected by increased hair density in L4-L5 and L5 regions marked in Figures 2a and b) . When corrected for this difference in cell density, wings from homozygous Df(IRER) animals have about 10% more cells than the wings of wild-type animals.
To rule out the possibility that the cell number and organ size phenotype was due to potential background mutation(s) on the Df(IRER) chromosome, complementation tests were performed with well-defined deficiencies of the RHG region (Figures 1a and  2c) . The Df(ED224) and Df(ED225) deficiency chromosomes were generated by the DrosDel project with defined break points and in an isogenic background. 16 Df(ED225) removes the IRER region, whereas Df(ED224) retains the IRER region and sickle, but lacks the transcribed regions of reaper, grim and hid. Both deficiencies are homozygous lethal but viable in trans to Df(IRER), which allows assessment of adult wing phenotypes. The wing size of Df(IRER)/Df (ED225) animals is enlarged to a similar degree as Df(IRER) homozygotes (Figure 2c ). In contrast, the overgrown phenotype of the Df(IRER) allele was partially complemented by Df(ED224) (Figure 2c ). This result suggests that expression of sickle, controlled by IRER, may contribute to limiting wing size independent of reaper/hid. Alternatively, the normal copy of the IRER on the Df (ED224) chromosome may act in trans to regulate the expression of reaper and/or hid on the homologous chromosome. As the genetic background of Df(ED225) is independent to that of Df (IRER), we conclude that the wing overgrowth phenotype is due to the lack of the genomic region containing IRER.
The effect of the IRER loss on organ size control is very likely due to altered regulation of proximal genes. There is no predicted coding or noncoding sequence in the IRER genomic region (Flybase.org), and no transcript with coding potential has been detected in this region by any RNA sequencing projects (based on data collected by Fly base or ModENCODE). To rule out the possibility that the phenotypes associated with the Df(IRER) genomic allele are due to a noncoding transcript within the IRER, we cloned the genomic region encompassing the IRER into a rescue construct (Figure 1a) . A BAC clone containing the genomic region chromosome 3L:18 391 335-18 432 601, corresponding to the span from just before the start site of reaper open reading frame to the stop codon of sickle and including the complete IRER sequence (Figure 1a ), was used to make a transgenic fly via phiC31 integrase-mediated transformation. Animals carrying the reaper--sickle interval fragment appear to be normal without any noticeable change in viability or organ size and were referred to as 'Bac-IRER' hereafter. When this chromosome was combined with the Df(IRER) chromosome, it failed to rescue the suppression of irradiation-induced reaper expression (Supplementary Figure 3) and increased wing size associated with homozygosity for Df(IRER) (Figure 2d ). From this evidence, we conclude that the IRER does not encode any essential trans-acting factors and that the cisregulatory function of IRER thus underlies the requirement for this region in tissue homeostasis.
To monitor how the lack of IRER cis-regulatory function affects proapoptotic gene expression in development, we compared the expression of the four proapoptotic genes, reaper, hid, grim and sickle, between wild-type and homozygous Df(IRER) larvae. We found the levels of reaper and sickle mRNA to be significantly lower in larvae homozygous for the IRER deletion, whereas the levels of hid and grim were not significantly changed (Figure 2e ). When measuring RHG transcripts in third-instar larval wing discs, a similar decrease of reaper mRNA was observed in homozygous Df (IRER) wing discs, whereas the level of hid mRNA was not significantly changed ( Figure 2f ). The transcripts of sickle and grim in wing discs were too low to be reliably measured with qRT-PCR ( Figure 2f ). Interestingly, a loss-of-function mutation of reaper does not increase wing size (Supplementary Figure 4) , suggesting that blocking reaper expression alone cannot account for the overgrowth phenotype observed for the Df(IRER) animal. Deregulation of other RHG genes such as sickle or grim, or other undefined IRER dMyc-induced apoptosis and hyperplasia C Zhang et al targets, may also contribute to the observed overgrowth phenotype. More sensitive assay needs to be performed to measure the expression of these genes in wing discs in the future study. Based on above observations, we conclude that IRER is required for mediating appropriate expression of several proapoptotic genes in larval cells.
To examine whether IRER is also responsible for mediating developmental cell death in other tissues, we monitored developmental cell death in the embryonic central nervous system. We noted that about 10% of the homozygous Df(IRER) embryos have an enlarged central nervous system (Supplementary Figures 5A and B) . This enlarged central nervous system phenotype is not as strong as that in Df(H99) mutant embryos, which lack coding sequences for three proapoptotic genes reaper, hid and grim. 17, 18 This likely indicates that some but not all RHG-mediated developmental cell death in the central nervous system requires a functional IRER. To examine cell numbers during the formation of the Drosophila central nervous 2 areas (squares in a) were selected for trichome counting (L1-L2, L2-L3, L4-L5 and L5). In the posterior compartment, that is, L4-L5 and L5, the cell density is higher in IRER − / − wings (P = 0.0022 and 0.0002, respectively; n = 12). There is no significant difference in cell density between the two genotypes in the anterior compartment (P = 0.0566 and 0.0783, for L1-L2 and L2-L3, respectively; n = 12). (c) Quantification of adult wing sizes. As shown in a′, wings of Df(IRER) animals are larger than the wildtype controls (P = 2.6e − 5). A similar wing size increase is observed with the transheterozygous Df(ED225)/Df(IRER) (P o0.0001 between ED225 − /IRER − (n = 20) and +/+ (n = 25), P = 0.0581 between ED225 − / IRER − and IRER − / − (n = 26)). In contrast, the wing overgrown phenotype was partially rescued by Df(ED224) (P o0.0001 between ED224 − / IRER − (n = 27) and +/+, P = 0.0236 between ED224 − / IRER − and IRER − / − ). The deletion regions in ED224 and ED225 are indicated in Figures 5C and D) , suggesting that the IRER is also required to limit cell numbers in this group of nervous system cells. The pattern of cells expressing reaper and sickle in developing tissues such as the wing disc is dynamic and transient, which is partly due to the fact that cells expressing these genes are quickly removed via apoptosis. To bypass this difficulty, we turned to the embryo to examine the effect of IRER on gene expression. We noted that in contexts where the reaper expression is cell lineagespecific, such as neuroblasts in poststage 14/15 embryos, there is no detectable change of reaper expression in Df(IRER) homozygous embryos. However, the segmentally repeated expression of reaper in the epidermal cells was significantly weakened in animals lacking IRER (Supplementary Figure 6) .
IRER is required for the induction of apoptosis following dMyc-induced overproliferation While the wings of Df(IRER) animals consistently contain more cells than that of wild-type control wings, the magnitude of this developmental effect is relatively moderate. In light of this observation, we next sought to determine whether this requirement for IRER in tissue homeostasis was heightened under the pathologic condition of oncogene overexpression. Similar to what has been observed for c-Myc in mammalian systems, overexpression of dMyc in Drosophila tissues leads to increased ribosome biogenesis, increased cell size and overproliferation (reviewed by Gallant 19 ). The dMyc-induced overproliferation is quickly followed by induction of apoptosis, which largely cancels out any impact on final cell number. For instance, dMyc expression in retinal cells with the GMR-Gal4 driver leads to a significant increase of cell proliferation and enlarged eyes and ommatidia in the resulting adults. 9 However, this overproliferation is accompanied by increased TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end labeling)-positive staining, such that there is little overall effect on the final number of cells in GMR-dMyc eyes. These reported observations were reconfirmed when we established the system with GMR-Gal4 and UAS-dMyc (Figure 3a) .
The cis-regulatory function of IRER is required for overproliferation-induced apoptosis in the GMR-dMyc (GMM) model. Under normal conditions, there is no detectable defect in the eyes of homozygous Df(IRER) adults (Figure 3b ), suggesting that most developmentally programmed cell deaths in the eye proceed normally in the absence of IRER. When dMyc was overexpressed in eye discs lacking IRER, the resulting adult eyes are larger than GMM alone (Figure 3c ) and contain superfluous ommatidia (Figures 3d-f) .
It has been shown that cell-autonomous apoptosis following dMyc-induced overproliferation is accompanied by the induction of reaper and sickle. 9 Using fluorescent in situ hybridization, we found that reaper mRNA is significantly elevated from cells behind morphogenetic furrow in GMM larval eye discs (Figures 3g-h) , which is consistent with previously reported observation of apoptotic cells in this model. In addition to the elevated reaper mRNA, we also observed reproducible increase in activated caspase-3 signal in the GMR-Gal4 expression domain posterior to the morphogenetic furrow in GMM eye discs (Figure 3k ) relative to GMR-Gal4 alone (Figure 3j) . Critically, an intact IRER is required for both of these dMyc-induced events. Cell-autonomous expression of reaper was almost absent in GMM discs homozygous for Df (IRER) (Figure 3i) , and the GMM-active caspase-3 was also lowered in the IRER-deficient background (Figure 3l ). To rule out the possibility that the overgrowth of GMM, IRER − / − eyes is due to an increased proliferation, we performed bromodeoxyuridine incorporation in GMM eye discs in both wild-type and Df(IRER) Figure 7 ). The observations demonstrate that the IRER region is required for ectopic apoptosis induced by overexpressed dMyc in the developing eye.
It has been documented that constitutively elevated level of dMyc introduced by tubulin4dMyc (tub-dMyc) leads to an increased size of the wing, due mainly to increased cell size rather than cell number. 10 When tub-dMyc was crossed into the Df (IRER) background, we found that the wing sizes were significantly larger than either Df(IRER) alone or tub-dMyc alone (Figures 3m  and n) , suggesting that more cells survived when the IRER is absent in dMyc-overexpressing wings cells.
Cells with relatively open IRER are more sensitive to dMyc-induced cell death Our previous analyses have shown that the accessibility of IRER in developing embryos is subject to epigenetic regulation. 12 In (Figure 4a ). Our analysis indicated that the reporter expression reflects the DNA accessibility of the IRER locus (manuscript in preparation). The expression level of IRER{ubi-DsRed} is senstive to the epigenetic status of IRER and negatively correlates with suppressive histone modifications in IRER (Supplementary Figure 8) . Thus, the IRER{ubi-DsRed} reporter allows us to monitor the epigenetic status of the local chromatin environment in individual cells during development.
To examine whether cells with an open IRER are more sensitive to dMyc-induced apoptosis, we expressed dMyc in wing discs using the UAS/Gal4 system and monitored the IRER{ubi-DsRed} activity. dMyc driven by dpp-Gal4 at the anterior/posterior boundary of the wing discs induces apoptosis in both the dpp expression domain and in the zone immediately anterior to it through cell-autonomous and -non-autonomous mechanisms. 10 In the background of IRER{ubi-DsRed}, the sizes of cells in the dpp4dMyc expression domain (marked in green, GFP in Figure 4 ) are noticeably larger than the neighboring cells, which is reflected by the diluted DAPI signal intensity and verified by anti-Dlg staining (Figure 4c vs b, and Supplementary Figure 9) . Moreover, there is a conspicuous lack of DsRed-positive cells in the dMyc expression zone as well as the zone immediately anterior to it, where apoptosis is reported to occur in dpp-dMyc discs; 10 in contrast, the variegated patterns of DsRed in other regions of the dpp4dMyc wing discs are indistinguishable from those in discs without dMyc overexpression (Figure 4c′ vs b′ and Figure 4e ). The lack of IRER{ubi-DsRed} expression was not specific to the dpp-Gal4 system. A similar phenomenon was observed when dMyc was expressed in Act4y + 4Gal4 'flip-out' clones (Figures 4f-f′′) . The reduction of IRER{ubi-DsRed} expression following dMyc expression could reflect rapid elimination of cells with highly accessible IRER. To assess whether cells with higher levels of DsRed expression and thus a more accessible chromatin state on the IRER are preferentially eliminated by dMyc-induced cell death, we coexpressed the antiapoptotic factor Diap1 (Figures 4d-d′′) or the caspase inhibitor P35 (Supplementary Figure 10) in the dpp-dMyc system to block apoptosis. These antiapoptotic transgenes led to the appearance of brightly DsRed-positive cells in the dpp zone (Figures 4d′ and e and Supplementary Figure 10B) . Moreover, the restoration of DsRed signal was accompanied by an accumulation of cleaved caspse-3 in 'undead' cells in which dMycdMyc-induced apoptosis and hyperplasia C Zhang et al induced apoptosis was blocked by P35 (Supplementary Figure  10B) .
Taken together, our experiments indicate that DsRed-positive cells, that is, those with relatively open IRER, are preferentially eliminated in response to dMyc overexpression. One prediction from this observation is that cells with epigenetically blocked IRER will have a higher threshold for oncogenic stress-induced apoptosis. Although the PcG protein is required for the formation dMyc-induced apoptosis and hyperplasia C Zhang et al of suppressive histone modifications in the IRER, 12 the mechanism that targets PcG to the IRER remains elusive. Thus, as a surrogate for reducing IRER activity by epigenetic means, we used a chromosome with an IRER deletion to determine if cells without IRER are more resistant to oncogenic stress.
Cells lacking the cis-regulatory function of IRER have the propensity to overgrow and are resistant to stress-induced cell death To study the behavior of IRER-deficient cells in proliferating larval tissues, we generated mosaic clones bearing IRER deletions in imaginal discs. The heat-shock-induced FLP system was titrated to generate~1 clone per disc, which facilitated identification and measurement of the size of each clone and its paired twin spot. As shown in Figure 5 , control (wild-type) clones and their twin spots grew to similar size in either the wing or the eye discs (Figures 5a  and c) . In contrast, clones lacking either the left section of IRER (Df(IRER_left)) 12 or the entire IRER (Df(IRER)) showed a propensity to overgrow relative to their respective twin spots (Figures 5b and  d) . Although there was variation in the extent of this overgrowth, the overall phenotype was robust and statistically significant (Figures 5e and f, open bars) . A similar overgrown phenotype was observed with clones induced by ey-FLP in adult eyes (Supplementary Figures 11B-D) .
Importantly, the propensity of IRER-mutant clones to outgrow their wild-type counterparts was significantly heightened when a cytotoxic stress was introduced to the system. When growing animals were subjected to a non-lethal dose of irradiation (10 Gy) at 24 h following clone induction, the ratio between the size of the IRER-deficient clones and their respective twin spots was greatly increased, both in the wing discs (Figures 5e and g ) and the eye discs (Figure 5f and Supplementary Figure 11A) . Indeed, under this heightened stress condition, wild-type twin spots were eliminated in about 15% of the cases, leaving only the IRER-mutant clones at the end of larval development. Even when these 'missing clone' instances were omitted from calculation of mutant: twin spots size ratios, the overgrowth phenotype of both Df(IRER_left) and Df (IRER) clones remained statistically significant (Figures 5e and f,  closed bars) .
The propensity to overgrowth displayed by cells lacking the cisregulatory function of IRER was accompanied by resistance to stress-induced cell death. When irradiation-induced cell death was monitored in discs containing Df(IRER) clones at 4 h after γ-ray treatment (40 Gy), there was a conspicuous lack of activated caspase-3 signal in the clones deficient for IRER despite abundant apoptotic cells in the twin spots as well as the non-recombinant heterozygous tissues (Figure 5h ). In line with this observation, it has been well documented that imaginal disc clones mutant for the Drosophila initiator caspase dronc have a similar growth advantage. 20 Synergy between Df(IRER) and dMyc in inducing hyperplasia To study the behavior of cells with elevated dMyc and blocked (deleted) IRER, we took advantage of the MARCM (mosaic analysis with a repressible cell marker) strategy 21 to generate clones of cells overexpressing dMyc and simultaneously deficient for IRER (Figure 6a) . Clones of cells that overexpress dMyc alone (dMyc+) (Figures 6b-b′ and c- (Figures 6f and g ). The size ratio between dMyc+,IRER − / − and dMyc+ clones is also significantly higher than the ratio between IRER − / − and IRER +/+ (that is, wild-type) clones (Figures 5e and f) . Thus, it is apparent that there is significant synergy between elevated dMyc and Df(IRER) in the induction of tissue overproliferation and hyperplasia.
DISCUSSION
Induction of apoptosis following oncogene-induced overproliferation is a key tumor-suppressor mechanism. Previous studies have shown that, similar to mammalian systems, overexpression of dMyc led to overproliferation as well as cell-autonomous induction of apoptosis in Drosophila. 9, 22 These earlier works opened the door for deciphering the molecular mechanisms of overproliferation-induced apoptosis in this genetic model organism. In this study, we show that an intergenic regulatory region, previously identified for its role in mediating DNA damageinduced apoptosis, is required to mediate dMyc-induced apoptosis. More importantly, as the accessibility of this intergenic region is epigenetically controlled through histone modifications, the findings provide a mechanistic link between epigenetic regulation and oncogenic stress-induced apoptosis and hyperplasia ( Figure 7 ).
IRER serves as the gatekeeper for overproliferation-induced apoptosis in Drosophila
In mammalian systems, transcriptional regulation of BH3-only proapoptotic genes, such as noxa and Bim (Bcl-2 interacting mediator of cell death), plays an important role in mediating c-Mycinduced apoptosis (reviewed by Hoffman and Liebermann 6 ). In fact, the increased oncogenic potential of tumor-derived c-Myc mutants have been attributed to their failure to induce Bim (and apoptosis) while retaining the activity to stimulate proliferation. 23 Consistent with this hypothesis, coexpression of the antiapoptotic factor Bcl-2 renders wild-type c-Myc as oncogenic as tumorderived c-Myc mutants. Our current work and previous work by the Gallant group 9 both implicate reaper (and likely sickle) as the upstream proapoptotic genes responsible for mediating Figure 3 . The regulatory function of IRER is required for dMyc-induced cell death. (a-c) Female adult eyes from indicated genotypes. GMR-Gal4 driving expression of UAS-dMyc transgene (GMM: GMR-Gal4/UAS-dMyc) induced both overproliferation and apoptosis and had little impact on the size of the adult eye (a). There was no significant overgrowth of eyes in IRER − / − adults (b). Expression of dMyc in the homozygous Df(IRER) animals resulted in significant overgrown phenotype (c), with some eyes containing protruding cell mass (black arrow). − / − and tub4dmyc). When combined together (tub4dmyc,IRER − / − ) (n = 19), the wing size was increased further, suggesting the synergy between Df(IRER) and dMyc overexpression (P = 0.0012 between IRER − / − and tub4dmyc,IRER − / − , P = 0.0027 between tub4dmyc and tub4dmyc,IRER − / − ).
dMyc-induced apoptosis and hyperplasia C Zhang et al Figure 4 . Cells with open IRER are more sensitive to dMyc-induced cell death. (a) An ubiquitin-DsRed reporter was inserted, via homologous recombination, into the middle of IRER, a locus that showed strongest resistance to DNase I in late-stage embryos. 12 The strain was referred to as 'IRER{ubi-DsRed}' and served as a reporter for the epigenetic status of IRER. The IRER{ubi-DsRed} reporter signal is variegated in the developing wing discs. (b′) Expression of GFP (green) in the dpp domain does not change the variegated expression pattern of IRER{ubi-DsRed} (b′′). (c-c′′) When dMyc was coexpressed with GFP, there was a conspicuous lack of DsRed-positive cells in the dpp zone (yellow arrows). (d-d′′) When cell death in the dpp zone was blocked by coexpressing UAS-diap1, many DsRed-positive cells were rescued (yellow arrows). (e) DsRed intensity quantification from dpp expression domain of indicated genotypes in (b-d). Mean ± s.e.m. are shown; n = 6 for each genotype. (f-f′′) dMyc-overexpressing clones, marked by GFP (dashed lines), were generated by the Act4y4Gal4 flip-out in conjugation with UAS-GFP and UAS-dMyc transgene expression. Note: cells in the dMyc-overexpressing clones have lower levels of IRER{ubi-DsRed} signal compared with neighboring cells.
dMyc-induced apoptosis and hyperplasia C Zhang et al dMyc-induced apoptosis in Drosophila. One striking similarity between the mammalian genes responsible for mediating c-Mycinduced cell death and the two Drosophila proapoptotic genes is that they are all potential transcriptional targets of P53 and are involved in mediating DNA damage-induced cell death. Montero et al. 9 found that dMyc overexpression significantly induces reaper and sickle, and that a chromosome deletion that removes a large region including both reaper and sickle dominantly suppresses . (e and f) While there is a considerable variation in how much the Df(IRER) clone overgrows, the overgrown phenotype is significant (open bars in e and f; wing disc: P = 0.017 between Ctr and Df(IRER_left), Po0.001 between Ctr and Df(IRER); eye disc: P o0.001 between Ctr and Df(IRER_left), P = 0.002 between Ctr and Df(IRER)). Wilcoxon's rank-sum test was used for P-value calculation. When animals are subject to a sublethal dose (10 Gy) of X-ray at 24 h following clone induction, the size difference between Df(IRER) clones and the twin spots is significantly increased (closed bars in e and f; wing disc: P = 0.021 between Ctr and Df(IRER_left), P = 0.002 between Ctr and Df(IRER); eye disc: P = 0.027 between Ctr and Df(IRER_left), P = 0.002 between Ctr and Df(IRER)). Size was measured at 72-96 h after clone induction and the ratio of clone size vs twin spot size was calculated. (g) Scatter plot of clone size and twin spot size measured at 72-96 h after clone induction. Red dots and green dots represent the clones induced with or without IR, respectively. (h) Animals were irradiated (40 Gy) at 48 h after clone induction. Apoptosis was measured by caspase-3 staining at 4 h following IR. There is a lack (or reduced level) of apoptotic cells in the Df(IRER) clones. The size difference between the mutant clone and the twin spot in this setting is not significant due to the relatively short time following clone induction and X-ray treatment.
dMyc-induced apoptosis and hyperplasia C Zhang et al dMyc-induced apoptosis. In this study, we showed that the intergenic regulatory region between reaper and sickle, that is, IRER, is required for mediating dMyc-induced reaper (and sickle) expression and apoptosis.
The IRER is required for mediating P53-depdendent induction of multiple proapoptotic genes in the RHG regulatory block following irradiation of early-stage embryos. 12, 24 Transcriptional activation of the proapoptotic RHG genes have a pivotal role in mediating apoptosis during development as well as in response to a variety of stresses. 25 With the exception of hid, the other RHG genes (reaper, grim and sickle) seem to be exclusively expressed in cells that are eliminated shortly after one or multiple of these genes are Figure 6 . Synergy between Df(IRER) and dMyc in driving overproliferation and hyperplasia. (a) Schematic representation of the MARCM strategy used to induce dMyc expression in IRER-mutant clones. When compared with wild-type clones with dMyc expression (b-b′ in eye disc and c-c′ in wing disc), IRER-deficient clones (d-d′ and e-e′) with dMyc expression are significantly larger in size. Clones are monitored at 72 h after heat shock and individual or merged channels are shown as indicated. The percentage occupancy of clones is examined by calculating the ratio between the GFP-positive area and the entire disc area. The dMyc+,IRER − / − clones occupy a much larger area than the dMyc+ clones in both eye discs (f) and wing discs (g). Mean ± s.e. are shown (n = 5).
dMyc-induced apoptosis and hyperplasia C Zhang et al expressed. Centralized regulation, in which one regulatory region coordinates the expression of multiple RHG genes, appears to be the general theme in transcriptional regulation of RHG genes. In addition to our finding that IRER is responsible for mediating radiation-induced expression of reaper, sickle and hid, studies from the White laboratory have shown that an~22 kb intergenic region between grim and reaper termed the NBRR (neuroblast regulatory region) is required for cell lineage-specific developmental expression of reaper, grim and sickle in embryonic neuroblasts. 26 The IRER and NBRR are situated upstream and downstream of reaper, respectively. Both are highly enriched for HCNEs (highly conserved noncoding elements) and appear to fulfill important regulatory roles in gene expression in vivo. 27, 28 In the mammalian system, the role of P53 in Myc-induced cell death seems to vary depending on the cell type and experimental context. In Drosophila, although P53 mRNA is induced by overexpression of dMyc, its function is dispensable for dMycinduced cell death. 9 The IRER is required for P53-dependent induction of RHG genes following irradiation. 12 There is a consensus P53-response element within the IRER, and reporter transgenes containing the P53RE is DNA damage inducible. 13 Although there is currently no evidence that dMyc directly binds to IRER sequences to induce RHG gene expression, the IRER contains multiple sequences that match the consensus Myc binding site. Significant technical challenges must be overcome to test this model and to investigate whether these elements support Myc-induced transcription of reaper (and sickle). Given the central role that the IRER has in mediating P53-and dMyc-induced proapoptotic gene expression, an improved knowledge of transcription factor binding sites within this region may shed light on interactions between Myc and P53 in the developmental and homeostatic control of cell death.
Epigenetic control of oncogenic stress-induced apoptosis Abnormal histone modifications have been postulated to be a major oncogenic mechanism in vertebrates (reviewed in Baylin and Jones 29 ) . A wide spectrum of histone modification abnormalities has been observed in different cancer cells. However, it is necessary to discern epigenetic changes responsible for driving tumor formation from those that are byproducts of the oncogenic process. Epigenetic silencing of proapoptotic genes, by blocking the proapoptotic tumor-suppressor mechanism, could potentially serve as a key event in early stages of tumorigenesis. For instance, noxa, a c-Myc target gene that encodes a BH3-only proapoptotic protein, is subject to Bmi-mediated suppressive histone modification (H3K27me3). 30 Murine Bmi, the ortholog of Drosophila PcG protein Psc (posterior sex combs), collaborates with c-Myc in promoting tumorigenesis by suppressing apoptosis. 31 Similarly, PcG proteins, such as Psc, are functionally required for suppressive histone formation in the IRER. 12 Our previous work showed that formation of suppressive histone modifications on the IRER renders this region as inaccessible to DNase I as the centromeric heterochromatin, suggestive of a very condensed, transcriptionally silent chromatin environment. Accordingly, RHG proapoptotic genes are no longer responsive to DNA damage under this heterochromatic condition. As IRER deletions used in this study do not remove any transcribed region or defined promoter, the behavior of cells without the IRER (that is, Df/Df) can be viewed as a reflection of cells with complete epigenetic silencing of the IRER. As shown here, the lack of IRER blocks dMyc-induced apoptosis and leads to significant hyperplasia. In summary, these findings suggest that epigenetic control of oncogenic stress-induced apoptosis is a fundamental tumor-suppressor mechanism that is conserved from insects to mammals. Abnormal epigenetic regulation of P53-targeted proapoptotic genes could potentially serve as a driving event for tumorigenesis.
Unlike mammalian systems, key upstream proapoptotic genes in Drosophila are clustered in the RHG genomic region and are coordinately regulated by IRER. Understanding mechanisms that control the epigenetic status of the IRER could reveal how suppressive histone modifications can target oncogenic stressresponsive tumor suppressor genes. There is no discernible PRE (polycomb response element) in the IRER, and the formation of heterochromatin in IRER is independent of anterior/posterior cell positioning. Monitoring DNA accessibility in the IRER with the innovative IRER{ubi-DsRed} reporter reveals that IRER epigenetic status is dynamically regulated during development, stochastically regulated in tissue compartments, and highly responsive to environmental stresses. The IRER thus represents a unique system to explore the relationship between chromatin regulation and oncogenic stress-induced apoptosis.
MATERIALS AND METHODS

Drosophila strains and culture
Flies were maintained on a standard corn-agar medium at 25°C, except otherwise mentioned. The strains used in this study were described in Supplementary Table I . Irradiation was performed as described. 12 The IRER{ubi-DsRed} strain was generated via 'Ends-out' gene targeting method. 32 We first generated a donor strain carrying a pEnds-out2[LA-ubiDsRed-RA] construct on the X chromosome. The ubi-DsRed is a florescence reporter consisting of a full-length DsRed coding sequence driven by a 2.2 kb fragment from the ubiquitin-63E gene. LA and RA represent two 3 kb consecutive segments within IRER separated by an NdeI site. The LA and RA homologous sequences were enzyme digested from a BAC clone (BACR35F04, DGRC) by XhoI and BamHI, gel purified and subcloned to Figure 7 . Diagram summarizing the working mechanism of IRER. Ectopic expression of proto-oncogene dMyc leads to overproliferation, which is balanced/corrected by reaper/sickle-dependent apoptosis. IRER functions as the pivotal regulator for the induction of apoptosis following overproliferation. Epigenetic regulation of IRER defines cellular sensitivity to developmental constraints and oncogenic stress. In general, cells with an open IRER are more sensitive to stress-induced apoptosis and have less potential to overproliferate, whereas cells with a closed IRER are more resistant to stress and exhibit higher proliferation potential in the context of Myc overexpression.
the pEnds-out2 vector to make the donor construct. The recombination event was first recovered based on autosomal inheritance of ubi-DsRed and subsequently verified with PCR and southern hybridization. The correlation of DeRed expression with the epigenetic status of IRER was verified with DNase sensitivity assay, chromatin immunoprecipitation assay and disruption of IRER epigenetic status through Su(var)3-9 knocking down (Supplementary Figure 8) .
The Bac-IRER strain was generated via recombineering-mediated gap repair. 33 The DNA fragment spanning reaper promoter/enhancer-IRER was retrieved from the BACR35F04 clone (DGRC), and was cloned to the P [acman] vector. 33 The 40 kb P[acman]-reaper promoter-IRER construct was integrated to the genomic locus 51D on the second chromosome through ΦC31 integrase-mediated transgenesis.
Clone induction
Clones were generated with either the standard FLP/FRT system or the MARCM (mosaic analysis with a repressible cell marker) system. Hsp-flp and ey-flp were used to induce clones from imaginal discs and adult eyes, respectively. Clone size was determined by measuring the twodimensional area of clones at × 200 magnification.
Act4dMyc clones with or without IRER: Larvae of the genotype hsp70-flp22; Act-Gal4, UAS-GFP/UAS-dMyc; Df(IRER), FRT80B (or: FRT80B)/tub-Gal80, FRT80B were subjected to a heat shock for 30 min at 37°C at 60 h after egg laying, and were dissected at 72 h after heat shock.
IRER-deficient clones in the imaginal discs: Larvae of the genotype hsp70-flp1; Df(IRER), FRT80B (or: FRT80B)/ubi-GFP, FRT80B were subjected to a heat shock for 1.5 h at 37°C at 48-52 h after egg laying. The imaginal discs were dissected at 72-96 h after heat shock.
For all the clone induction experiments, control clones are always induced and analyzed in parallel with the mutant clones.
Immunohistochemistry and microscopy
